INTRODUCTION
Acoustic changes along several dimensions, including frequency, amplitude, and time, are critical for changing perception of a speech signal from one phoneme to another. The acoustic elements responsible for perceptual changes have been the topic of considerable research. Experiments using speech synthesis and waveform editing have verified the existence of multiple perceptual cues and have shown that listeners are able to make many acoustic-phonetic distinctions after redundant cues have been removed Delattre et al., 1952͒ . Thus the listener does not need all of the redundant information in natural speech to make a phonetic decision. It is not clear, however, how a listener uses the information or cues available to make these distinctions. In other words, when several perceptual cues are available to a listener, does the listener use all the information or does the listener focus primarily on one or two cues for signaling a distinction? The research described in this paper will focus on how listeners with normal hearing make use of multiple cues to classify stimuli. This question becomes even more interesting when it is discussed with respect to the speech understanding abilities of listeners with hearing impairment.
Listeners with sensorineural hearing impairment have difficulty understanding speech. The inaudibility of the speech signal has been found to be the primary factor underlying these speech-understanding deficits in both young and elderly listeners ͑e.g., Dirks et al., 1986; Dubno and Dirks, 1989; Humes and Christopherson, 1991; Humes and Roberts, 1990; Humes et al., 1994͒ . However, hearing loss cannot account for all of the variance in speech-recognition performance. It could be hypothesized that the remaining variance is due to the differential weighing of acoustic cues by listeners. That is, an individual primarily relying on spectral cues to make acoustic-phonetic distinctions in speech may have more trouble understanding speech following a hearing loss than an individual primarily relying on temporal cues. Before this hypothesis regarding listeners with hearing impairment can be evaluated, the way in which listeners with normal hearing use redundant cues to make acoustic-phonetic decisions must be determined.
The relative importance of cues that signal the same acoustic-phonetic distinction have been examined in tradingrelations studies. Repp and his colleagues ͑1978͒ discussed the consequences of articulating an intervocal stop consonant. The cues he defined included rising and falling transitions, a period of attenuation of sound, bursts, and a delayed F1 onset. However, Repp indicated that despite the apparent diversity of cues, they are integrated into the percept of a phoneme. Within this wide array of cues, trading relations exist among several cues. That is, one cue can be exchanged for another without a change in the percept. The ability to use a variety of acoustic cues for one perceptual entity makes the cues equivalent. It has also been shown that when the perceptual utility of one cue is attenuated, another cue may take on primary importance in signaling the contrast. From this finding, it is assumed the perceptual cues are phoneti-cally equivalent. That is, by strengthening the value of one cue, the weakening of another can be offset. This is called a phonetic trading relation ͑Repp, 1982͒.
Evidence that listeners may use the available redundant cues differently for making an acoustic-phonetic distinction comes from three lines of study: ͑1͒ the use of acoustic cues in nonspeech stimuli; ͑2͒ the development of perceptual abilities in children; and ͑3͒ the use of acoustic cues by listeners with impaired hearing. These studies indicate that listeners not only need a reduced set of available cues to make a distinction, but also that different listeners may use different cues to make acoustic-phonetic distinctions. That is, different listeners may weight certain cues more heavily than other cues as suggested by Nittrourer's developmental weighing shift hypothesis ͑Nittrouer, 1992͒.
Research using nonspeech stimuli has explored the ability of listeners to categorize complex sounds based on information in multiple, independent stimulus dimensions. Kidd and Watson ͑1987͒ and Christensen and Humes ͑1996͒ had listeners classify complex sounds. The goal of both studies was to determine the degree to which listeners allocated attention to each of three independent dimensions. Results of both experiments indicate that subjects did not use stimulus information available in multiple dimensions equally to categorize complex sound pulse stimuli. In the Christensen and Humes ͑1996͒ study, perceptual weights for each of the three stimulus dimensions were calculated using a mathematical model, the generalized context model ͑GCM; Nosofsky, 1986͒. These weights indicated that most listeners placed the majority of their attention on one or two stimulus dimensions to classify the stimuli. Furthermore, it was observed that not all listeners preferred the same dimension. Finally, Christensen and Humes ͑1996͒ demonstrated that it was possible to train a listener to use a dimension other than the one initially used to classify the stimuli.
There is evidence that children may use the cues available for making acoustic-phonetic distinctions in speech differently than adults. Developmental changes have been evidenced in studies that have shown the auditory perceptual abilities of children are not equivalent to the perceptual abilities of adults ͑e.g., Elliott and Hammer, 1988; Elliott and Katz, 1980; Sussman, 1993͒ . Normally developing children require a larger acoustic difference to discriminate certain speech sounds than adults Carney, 1989͒. Morrongiello, Best, and colleagues ͑Morrongiello et al., 1984; Best et al., 1981͒ suggest that children weigh transition information more heavily than adults when differentiating ''say'' and ''stay'' along a continuum. Walley and Carrell ͑1983͒ also found that children and adults relied more heavily on formant transitions than on short-term spectral cues for identification of consonants in consonant-vowel tokens. In another study, Nittrouer and Studdert-Kennedy ͑1987͒ examined the development of children's sensitivity to acoustic consequences of coarticulation using fricatives synthesized along a continuum that varied on fricative spectrum, vowel context, and vocalic transition. Results of their study indicated that children weighted formant transition information more heavily than fricative spectrum information when identifying these stimuli. Nittrouer ͑1992͒ concluded that young children rely more on dynamic cues in the speech signal and less on static cues. Reliance on static cues develops as children learn the detail of syllabic production. Sussman and Carney ͑1989͒ studied the effects of transition length on the perception of stop consonants and compared these effects to adults. Results of their study indicated that children's ability to discriminate formant transitions developed over time and had not yet reached full adult values even at 10 years of age. In one additional study, Jerger and colleagues ͑1993͒ explored the auditory ͑voice͒ and linguistic ͑word͒ dimensions of speech processing rather than acoustic-phonetic dimensions used in the previously discussed studies. Results indicated speech processing differences when comparing adults and children who were required to attend selectively to the voice dimension while ignoring the word dimension or vice versa. Children between 3 and 6 years of age required significantly more time to process the word dimension when compared to adults. These results suggest a developmental improvement for processing linguistic information and that children require more information than adults to identify words.
For a listener with impaired hearing, a perceptual cue may be altered by the hearing loss and the listener may need to use other cues to signal the phoneme. For example, cues in the temporal domain may be used instead of spectral cues. There is evidence that listeners with impaired hearing may use the perceptual cues available in the speech signal different than listeners with normal hearing. Lindholm and colleagues ͑1988͒ looked at acoustic cues for identification of stop consonant place of articulation. Listeners with normal hearing and with mild-to-moderate hearing impairment identified 18 CV syllables comprising all possible combinations of three factors ͑formant transition, spectral tilt, and abruptness of frequency change͒ that correspond to /b/, /d/, and /g/ in the /,/ environment. Results indicated that listeners with normal hearing relied on formant transitions to identify place of articulation, while listeners with hearing loss relied more on spectra tilt and abruptness of frequency change. Thus it was concluded that listeners with hearing impairment rely more heavily on temporal cues and cues to gross spectral shape. Summers and Leek ͑1992͒ also found evidence that listeners with hearing impairment compensated for spectral distortion produced by their hearing loss by placing greater perceptual weight on temporal cues when identifying vowels.
In summary, there are multiple cues available to a listener to make acoustic-phonetic distinctions in speech. Research on trading relations shows that not all cues may be of equal importance in signaling distinctions and that not all perceptual cues need to be available to make a distinction. Research focused on the classification of multidimensional nonspeech sounds, the perceptual development of children, and the use of perceptual cues by listeners with hearing impairment indicates that cues may be weighted differently by different individuals. The exact way in which listeners with normal hearing make use of multiple, perceptual cues to make acoustic-phonetic distinctions has not been determined.
The research described here focused on how listeners with normal hearing make use of cues from multiple, independent stimulus dimensions to classify synthesized stimuli containing acoustic cues found in speech. The signals used in this research were speechlike in that they contain cues important for making acoustic-phonetic distinctions in speech.
Real speech was not used in this study to avoid the use of these familiar, over learned signals. It was assumed that listeners would have a long developed bias toward certain cues in the acoustic-phonetic pattern of real speech. One goal of this reserach was to determine if listeners attended equally to all dimensions of multidimensional stimuli. If attention among dimensions was found to be unequal, a final goal of this research was to determine if listeners can be trained to use previously unused cues to classify the stimuli.
I. GENERAL METHOD

A. Subjects
Nineteen subjects with normal hearing between the ages of 20 and 35 years ͑Mϭ24.9 y͒ participated in this series of experiments. Criteria for normal hearing included pure-tone air-conduction thresholds of less than 20 dB HL ͑ANSI, 1989͒ from 500 to 4000 Hz and normal tympanograms in the test ear. All testing in the experiment was completed monaurally with the test ear selected arbitrarily.
B. Stimuli/Apparatus
Twenty-seven, four-formant stimuli were developed using the synthesizer software ͑KLSYN88a͒ University Synthesizer Package from Sensimetric Corporation ͑1990͒. This software is based on the work of Klatt and Klatt ͑1990͒. The stimuli consisted of two 100-ms samples of frication noise, separated by a period of silence or temporal gap. The second burst of frication noise differed from the first by having a formant transition change in slope ͑frequency͒ throughout the final 100-ms of frication noise ͑see Fig. 1 for schematics of three of the stimuli͒. Thus the stimuli consisted of three sequentially presented dimensions including: ͑1͒ the center frequency of the fricative spectrum ͑cue available at stimulus onset͒; ͑2͒ the duration of the temporal gap between the two bursts of frication noise, which also varied the total duration of the stimuli ͑cue available at middle and end of the stimulus͒; and ͑3͒ the slope of the frequency transition ͑cue available in final portion of the stimulus͒. Each of the stimulus dimensions, fricative spectrum center frequency, duration of the temporal gap, and the slope of the frequency transition could take on one of three possible values. Twenty-seven sounds were synthesized by combining all possible values of the three stimuli dimensions.
The three dimensions chosen to compose the stimuli were selected because of their importance in making acoustic-phonetic distinctions in natural speech. Examples of these cues in natural speech are numerous. The spectra ͑center frequency͒ of frication noise and bursts serve as a cue for fricative, affricate, and stop consonant identification ͑Be-hrens and Blumstein, 1988; Harris, 1958; Heinz and Stevens, 1961͒ . Duration or temporal gap cues are used to help determine vowel identification ͑Peterson and Lehiste, 1960͒. In addition, one cue used for stop consonant identification is the silence prior to the release of the burst ͑Van Tassel et al., 1987͒. Finally, diphthongs, liquids, glides, nasals , and stop consonants all use frequency transition information to signal their identification ͑e.g., falling or rising, fast or slow͒ ͑O'Connor et al., 1957; Fujimura, 1962; Mermelstein, 1977; Repp, 1986; Cooper et al., 1952͒. The stimuli were synthesized using four band-pass resonators (F3 -F6) . Resonators, F0, F1, and F2, were set to 0 dB and were not used to synthesize the stimuli. The bandwidths of each resonator were adjusted so that the overall bandwidth of each stimulus would be 2000 Hz. This was accomplished by adjusting the synthesizer values for formant frequencies F3, F4, F5, bandwidths B3, B4, and B5, and amplitudes of frication excited in each formant (A3F, A4F, and A5F).A final narrow-band-pass filter was developed using F6, B6, and A6F.This resonator served as a prominence at the center frequency of the frication noise. The slope of this filter was varied during the final 100 ms of the sounds to create the frequency transition dimension. The synthesizer parameter values for the final stimuli are shown in the Appendix.
Discrimination testing using a standard two-alternative forced-choice paradigm compared the lowest value along each dimension to the middle value and the middle value along each dimension to the highest value. Discrimination of the extreme values along a stimulus dimension was assumed to be greater than that measured for two adjacent values along the same dimension. Three stimuli were presented on each trial with the first stimulus being the ''standard'' for that trial and either the second or third stimulus differing from the standard. Subjects determined which of the last two stimuli was different from the first stimulus, the standard. For each of the three values along dimension A, there were nine possible combinations of values along the other two independent dimensions. Thus discrimination can be performed in nine different ''contexts.'' The stimuli were recorded so that there were 108 discriminations of each dimension across all 9 contexts. That is, there were 12 discriminations of each stimulus value for each of the 9 contexts. Results verified three-dimensional stimuli with values on each dimension that were on average 85% discriminable. The discrimination percent correct values were arcsine transformed and submitted to analysis of variance. Results of the ANOVA were not significant ͓F(2,23)ϭ0.63, pϾ0.05] indicating that differences in the discriminability of the three dimensions did not reach conventional levels of statistical significance.
Schematics of three of the synthesized stimuli can be seen in Fig. 1 . These three stimuli, termed the exemplar stimuli, include the stimulus with the smallest or lowest values on the three dimensions as shown in the top graph ͑1525-Hz fricative-spectrum center frequency, 10-ms temporal gap, and 50-Hz frequency transition͒. The stimulus with the middle values on each of the three dimensions is shown in the middle graph ͑1650-Hz fricative-spectrum center frequency, 60-ms temporal gap, and 250-Hz frequency transition͒. Finally, the stimulus with the largest or highest values on the three dimensions is shown in the bottom graph ͑1775-Hz fricative-spectrum center frequency, 110-ms temporal gap, and 500-Hz frequency transition͒. Thus the three values on each of the three dimensions include: ͑1͒ fricative spectrum center frequency ͑1525 Hz, 1650 Hz, and 1775 Hz͒; ͑2͒ temporal gap ͑10 ms, 60 ms, 110 ms͒; and ͑3͒ frequency transition ͑50 Hz, 250 Hz, 500 Hz͒.
C. Materials/Procedures
The stimuli for these experiments were presented via computer ͑IBM-PC compatible, 80486͒. The stimuli were output from a 16-bit digital-to-analog converter ͑Tucker-Davis Technologies, QDA1͒ at a sampling rate of 10 kHz and routed to an audiometer ͑Grason-Stadler, model 162͒. Stimuli were not low-pass filtered upon playback because no voicing source was used. Spectral analysis ͑Spectral Dynamics, SD 380͒ of the transducer output in a 2-cc coupler confirmed that no aliasing was occurring acoustically at the output of the earphones. The output of the audiometer was sent to 12 matched pairs of ER-3A insert earphones. Materials were presented at 75 dB SPL. The stimulus utilized for calibration was a noise centered at 1650 Hz with a 2000-Hz bandwidth. Acoustic calibration was accomplished with an HA-2 2-cc coupler as recommended by Frank and Richards ͑1991͒. Responses were collected from up to 12 subjects using 80286-based IBM-compatible personal computers interfaced to the 80486 computer via a 16-port serial interface board. All testing was completed in a large acoustically treated room with noise levels low enough to permit threshold measurements with headphones to within 15 dB of audiometric zero from 250 Hz to 8000 Hz ͑ANSI, 1991͒. Subjects in these experiments participated in two 2-h sessions each week for 6 weeks. Subjects were paid for their participation.
II. EXPERIMENTS
A. Experiment 1: Similarity judgments
Method
For this experiment, subjects were required to rate similarities of all 351 possible pairs of the 27 stimuli. Both orderings of the pairs were presented to balance the order of presentation of the stimuli. The pairs were randomly presented and subjects rated the similarity between the pairs on a nine-point rating scale. A nine-point scale is used extensively to collect proximity data ͑e.g., Wish, 1971; Wish et al., 1970͒ . A rating of one indicated the two sounds were ''very similar'' while a rating of nine indicated the two sounds were ''very different.'' Pairs were presented with 1 s between the members of each pair. Subjects were given instructions to listen to the two stimuli and rate them on the nine-point scale. No practice similarities were given. Subjects responded using the number pad on their computer and the next pair of stimuli was not presented until a response was registered from every subject.
Results and discussion
From the similarity judgments, one mean triangular stimulus-response matrix was calculated for the entire group of subjects. This matrix was then submitted to multidimensional scaling ͑MDS͒ analysis using an alternating least squares scaling method ͑ALSCAL͒ and a standard euclidean model. The best-fit coordinate space from the MDS was three dimensional in nature with a stress value of 0.093 and an r 2 value of 0.913. Figure 2 shows the three-dimensional solution following axes rotation. The axes were rotated from the original solution to make interpretation easier. Rotation is permitted because the configuration is based on distance between points and these distances do not change when the configuration is rotated ͑Kruskal and Wish, 1989͒.
From Fig. 2 it can be seen that each of the perceptual dimensions in the solution mapped directly to a corresponding stimulus dimension, as indicated by the axis labels in this figure. Each of the three plots in this figure shows a different two-dimensional view of the three-dimensional solution. In the top panel in this figure, for example, the perceptual space is mapped in a plot of the temporal gap dimension by the center frequency dimension. The legend in the right-hand portion of Fig. 2 indicates the stimulus values along each of the three dimensions for each of the 27 stimuli. Notice that, in all three of the two-dimensional plots, the perceptual space can be partitioned by the stimulus values along each dimension. For example, in the top two two-dimensional plots, stimuli S1 -S9, all having short 10-ms temporal gaps, are mapped to the extreme right of the perceptual space, while stimuli S19-S27, all having long 110-ms temporal gaps are mapped to the extreme left. Comparable partitions of the perceptual space are apparent for the other twodimensional plots. In general, Fig. 2 demonstrates the good correspondence between the stimulus parameters and the perceptual space.
Individual subject weights on each dimension of the MDS solution derived above were calculated by holding the rotated coordinate space fixed and applying a zero iteration individual scaling ͑INDSCAL͒ solution ͑Kruskal and Wish, 1989͒. Figure 3 is a graph of the individual subject weights derived from INDSCAL. In the graph, the 19 subjects are represented along the abscissa, while weight is represented along the ordinate. The weight for each dimension is plotted for each listener. The first 11 listeners placed the greatest weight on the center frequency dimension. Listeners 12-15 placed greatest weight on the temporal gap dimension. Finally, listeners 16-19 placed greatest weight on the frequency transition dimension. Thus the weights calculated for the individual listeners indicated that listeners were not attending equally to the three stimulus dimensions and different listeners placed greatest weight on different dimensions.
This experiment confirmed that subjects were perceiving these stimuli along three perceptual dimensions that corresponded to the stimulus dimensions being manipulated. In the next experiment, subjects were trained to label three exemplar stimuli and then asked to classify all of the stimuli on the basis of this training.
B. Experiment 2: Exemplar training
Method
The purpose of this experiment was to train the subjects to label three exemplar stimuli. These three exemplar stimuli contained the smallest ͑termed the ''circle'' stimulus͒, middle ͑termed the ''triangle'' stimulus͒, and largest ͑termed the ''square'' stimulus͒ values on the three stimulus dimensions, respectively. ͑See Fig. 1 for schematics of the three exemplar stimuli.͒ More specifically, the ''circle'' stimulus consisted of the smallest or lowest values on each of the three dimensions, or a fricative spectrum center frequency of 1525 Hz, a temporal gap of 10 ms, and a frequency transition of 50 Hz. The ''triangle'' stimulus consisted of the middle values on each of the three dimensions, or a fricative spectrum center frequency of 1650 Hz, a temporal gap of 60 ms, and a frequency transition of 250 Hz. Finally, the ''square'' stimulus consisted of all the largest or highest values on the three dimensions, or a fricative spectrum center frequency of 1775 Hz, a temporal gap of 110 ms, and a frequency transition of 500 Hz. Following the similarity judgments described in the previous experiment, 18 subjects were trained to label three exemplar stimuli as ''circle,'' ''triangle,'' and ''square.'' ͑One subject dropped out of the experiment after the similarity judgments.͒ To familiarize the subjects with the exemplar stimuli and associate them with their corre- sponding label, subjects first listened to ten presentations of each stimulus, beginning with ten ''circles'' and ending with ten ''squares.'' As each stimulus was presented, the subject's computer screen displayed the name of the stimulus being played. Subjects were required to press the return key following the presentation of each stimulus and the next stimulus was presented after every subject had pressed return. Following these blocked presentations of the exemplar stimuli, all three stimuli were played in sequence, with the threestimulus sequences repeated ten times. Sequences were played with 500 ms between stimuli. Specifically, the subjects were presented with ten ''circle-triangle-square'' stimulus sequences in succession. Again, as each stimulus was presented, the computer screen displayed the name of each stimulus and each subject was required to press the return key after each sequence presentation. Stimuli were played out in sequence so that listeners could compare the exemplar stimuli.
Following this familiarization, subjects were presented these three exemplar stimuli, 20 times each, in a random order and asked to identify or label each as ''circle,'' ''triangle,'' or ''square.'' After the subject selected ''circle,'' ''triangle,'' or ''square'' using the keyboard, they were given feedback as to the correct answer. Subjects were required to perform with an accuracy of 90% or better to continue on to the classification portion of this experiment. Fifteen subjects achieved 90% accuracy after only one training session of 60 trials. Three subjects required two, 60-trial training sessions to achieve 90% accuracy.
After subjects were able to label the three exemplar stimuli with 90% accuracy, subjects were presented all 27 stimuli 80 times each and asked to classify each one as either a ''circle,'' ''triangle,'' or ''square.'' Subjects were given no other instructions. Subjects were presented these stimuli in twenty blocks of 108 presentations ͑four presentations of each of the 27 stimuli͒. After ever 5 blocks of 108 trials, subjects were retested to determine if the 90% identification of the exemplar stimuli was maintained. A total of 60 stimuli were used for each of these measurements. Identification accuracy of the exemplar stimuli was maintained throughout the testing.
Results and discussion
The results of the exemplar training indicated most subjects placed the majority of attention on the frequency transition dimension; however, the distribution of weights was different for individual subjects. To further illustrate this point, the data from two subjects are plotted in Fig. 4 . Subjects KG and RT were chosen because they represent the subject that places the least and most attention on the frequency transition dimension, respectively. These plots display the percentage of time each stimulus was classified as ''circle,'' ''triangle,'' or ''square'' as a function of frequency transition value. Stimuli are arranged along the abscissa in this figure according to their values on the frequency transition dimension. Thus the first 9 stimuli all have a frequency transition value of 50 Hz, the second 9 have a frequency transition value of 250 Hz, and the last 9 stimuli all have a frequency transition value of 500 Hz. In the lower plot, subject RT, classified the first 9 stimuli, all with a value of 50 Hz on the frequency transition dimension, as ''circle'' the majority of the time. That is, regardless of the stimulus values along the other two dimensions ͑temporal gap and fricative spectrum center frequency͒, when the frequency transition equaled 50 Hz, subject RT labeled the stimulus a ''circle.'' In addition, stimuli with the values of 250 Hz and 500 Hz on the frequency transition dimension were being classified the majority of the time as ''triangle'' and ''square,'' respectively. In other words, this subject attended to the frequency transition dimension in order to classify the stimuli.
The generalized context model ͑GCM; Nosofsky, 1986͒ was used to calculate the perceived dimension weights for each subject. The GCM is an exemplar based approach to model performance in identification tasks. The GCM is based on the assumption that categorization of a stimulus will be determined by how similar it is to exemplar members of each category. Therefore, the GCM assumes that people will store individual exemplars in memory, and make classification decisions on the basis of the similarity comparisons with the stored exemplars. The GCM is used in conjunction with the MDS solution and can predict performance in categorization experiments involving the same set of stimuli scaled in the MDS solution ͑Nosofsky, 1992͒. In the GCM, FIG. 4 . Results of the exemplar training in experiment 2 for two subjects-KG ͑top͒ and RT ͑bottom͒. In this figure, the percentage of time each stimulus was labeled as a circle, triangle, or square is shown. Plotted along the abscissa are the stimuli arranged by values on the transition dimension. Thus the first 9 stimuli have a transition of 50 Hz, followed by 9 with a transition value of 250 Hz, and finally 9 with a transition value of 500 Hz. The derived GCM weights are plotted beside each graph. similarity among stimuli is determined by the distances between the stimuli in the MDS space and can be modified on the basis of selective attention. The exemplar stimuli are represented by the greatest distance within the psychological space. In other words, the exemplar stimuli are farthest apart in the psychological space. The similarity of all other stimuli to the exemplar stimuli is determined by the selective attention a listener places on each dimension. The GCM states that given the presentation of a stimulus, the likelihood that it will be placed in a certain category J is found by summing the weighted similarity of stimulus i ͑from the MDS solution͒ to all exemplars of category J, and then multiplying by the response bias for category J. This strength is then divided by the sum of strengths for all categories to determine the conditional probability with which stimulus i is classified in category J:
where b J is the category J response bias; M j is an exemplarstrength term; and i j is the similarity between exemplars i and j. To calculate the similarities, first the distance between exemplar i and j(d i j ) is calculated based on the individual difference scaling solution. The distance between i and j in a multidimensional psychological space is given by
where x im is the psychological value of exemplar i on dimension m; the value of r defines the distance metric ͑e.g., rϭ1, city block; rϭ2, Euclidean͒; and w m (0рw m ,͚w m ϭ1) is the attention-weight given to dimension m. This distance (d i j )is converted to a similarity measure by the function
where c is a general sensitivity parameter; and the value of p defines the similarity gradient ͑e.g., pϭ1, exponential; p ϭ2, Gaussian͒. The GCM assigns a weight ranging from 0 to 1.0 to each dimension for each individual subject with the sum of the weights of all the dimensions equal to 1.0. The GCM model has an advantage over other similar exemplarbased models of categorization in that the GCM can represent context-dependent changes in similarity. That is, it is assumed that similarities will change given the paradigms used to do the categorization. ͓For a full review and derivation of the GCM see Nosofsky ͑1986, 1992͒.͔ The GCM weights calculated for the two subjects in Fig.  4 are listed to the right of the plots. These weights indicated that subject RT attended most to the frequency transition dimension ͑0.978͒. KG, in contrast, distributes attention primarily between the frequency transition and the temporal gap dimension.
Consider the results for subject KG plotted in the the top of Fig. 4 . For subject KG, it can be seen that all 9 stimuli with a frequency transition value of 500 Hz were being classified as ''square'' 70%-100% of the time. This subject appeared to be using the frequency transition dimension to classify the stimuli with the 500-Hz frequency transition. For the frequency transition values of 50 and 250 Hz, however, it is not as clear how the subject classified the stimuli. If this subject was only using the frequency transitions for classification, the stimuli with the 50-Hz frequency transition values would have been classified as ''circle'' the majority of the time, while the stimuli with the 250-Hz frequency transition values would have been classified as ''triangle'' the majority of the time. As can be seen from the graph, this subject did not always label the stimuli according to the frequency transition values. The weights derived from the GCM model indicated that this subject used a combination of two dimensions to classify the stimuli. This subject had a GCM weight of 0.524 on the frequency transition dimensions and a weight of 0.463 on the temporal gap dimension. The fricativespectrum dimension was not given much weight by this subject. Figure 5 shows the distribution of the weights on the three dimensions for all of the subjects. As can be seen from this figure, the frequency transition dimension received the most attention, while the temporal gap dimension was seldom weighted very heavily.
Having established that classification performance for these stimuli reflected individual differences in ''preferred'' dimensions, the next experiment examined the ability to train listeners to attend to other stimulus dimensions. In particular, since the temporal gap dimension was not preferred by many subjects, all subjects were trained to attend to this dimension.
C. Experiment 3: Temporal gap training
Method
The purpose of this experiment was to train the subjects to focus their attention on the temporal gap dimension. In this experiment, 16 subjects from the previous 2 experiments were trained on a subset of the 27 stimuli. ͑An additional 2 of the original 19 subjects had dropped out of the study after the completion of experiment 2.͒ Specifically, subjects were taught to label stimuli 1, 2, 4, 7, and 8 as ''circle'' ͑10-ms temporal gap͒, stimuli 10, 11, 14, 16, and 17 as ''triangle'' ͑60-ms temporal gap͒, and stimuli 19, 20, 21, 22, 24, 26 , and 27 as ''square'' ͑110-ms temporal gap͒. Stimuli 3, 5, 6, 9, 12, 13, 15, 18, 23 , and 25 were not trained and were used as test stimuli to assess the generalization of training to nontrained stimuli. The stimuli chosen for the training stimuli were selected on the basis of their perceptual distance from one another in the MDS solution. The stimuli chosen for training stimuli contain every possible combination of the values on the center frequency and frequency transition dimensions. For this to occur, two additional stimuli were selected to train in the ''square'' category.
Subjects listened to 15 repetitions of the ''circle'' and ''triangle'' stimuli and 24 repetitions of the ''square'' stimuli. This training was of similar format to the previous experiment. However, in the previous experiment, there was only one ''circle'' stimulus, one ''triangle'' stimulus, and one ''square'' stimulus. In this experiment, there were several of each stimulus category ͑''circle,'' ''triangle,'' and ''square''͒. Each sequence of training stimuli was a different random ordering of either the ''circle,'' ''triangle,'' or ''square'' stimuli. Following this familiarization, subjects then listened to a three-stimulus sequence of ''circle''-''triangle''-''square'' thirteen times ͑randomly sampling different examples of the training stimuli in each category͒.
Subjects were then presented all seventeen of the training stimuli, eight times each, in a random order. Subjects were asked to respond after each stimulus presentation as to whether they heard a ''circle,'' a ''triangle,'' or a ''square.'' Immediate trial-to-trial feedback was provided. Subjects were required to obtain performance accuracy of 80% on this testing to continue with the experiment. A performance criterion of 80% identification accuracy was used in this experiment, rather than the 90% criterion in previous experiments, because very few subjects could reach the 90% criterion after 6 training sessions of 136 trials. However, the 80% criterion has been used by many investigators as indicative of good identification performance ͑Nittrouer and Studdert- Kennedy, 1987; Sussman, 1993͒. Subjects achieved 80% at different learning rates. Three subjects, for example, achieved performance of 80% or better after only one training session of 136 trials. However, most subjects required from two to six training sessions of 136 trials each to achieve a performance level of 80% correct. One subject could not obtain the required 80% accuracy after extensive training and did not continue with the rest of the experiment.
When 15 subjects had attained an accuracy of 80%, they were once again presented with all 27 stimuli 80 times each. Subjects were presented the stimuli in 20 blocks of 108 stimulus presentations. After every 5 blocks, the subjects were retested with 136 trials of the training stimuli to determine if the performance level of 80% correct was maintained. Identification accuracy of the training stimuli was maintained throughout testing. Subjects were simply instructed to classify these stimuli on the basis of what they learned from the training trials. Figure 6 show the results of the temporal gap training for two subjects. These two subjects, HP and LZ, represent the two subjects that attained the least and most GCM weight on the temporal gap dimension, respectively. The plots in this figure are plotted with the temporal gap value varying along the abscissa. That is, the first 9 stimuli have a temporal gap value of 10 ms, the next 9 a temporal gap value of 60 ms, and the final 9 a temporal gap value of 110 ms. The data in the lower plot are from a subject with a GCM weight on the temporal gap dimension of 0.998. As can be seen from this graph, this subject labeled the stimuli with temporal gaps of 10 ms, 60 ms, and 110 ms, as ''circle,'' ''triangle,'' and ''square,'' respectively, 80%-100% of the time, regardless of the stimulus values for the other two dimensions. The top plot shows a subject with a GCM weights on the temporal gap dimension of 0.563. This subject did not learn to place all attention to the temporal gap dimension, however, the GCM weight of 0.563 does represent the most weight on any of the three dimensions. Figure 7 shows the GCM weights for all of the subjects following temporal gap training. Results are ordered from the subjects placing the most weight on the temporal gap dimension to those placing the least weight on this dimension. As can be seen from this figure, the temporal gap dimension is now most heavily weighted by the subjects. FIG. 6 . Results of the temporal gap training in experiment 3 for two subjects-HP ͑top͒ and LZ ͑bottom͒. In this figure, the percentage of time each stimulus was labeled as a circle, triangle, or square is shown. Plotted along the abscissa are the stimuli arranged by values on the gap dimension. Thus the first 9 stimuli have a gap of 10 ms, followed by 9 with a gap of 60 ms, and finally 9 with a gap of 110 ms. The derived GCM weights are plotted beside each graph.
Results and discussion
When comparing this figure to Fig. 5 , it is obvious that subjects have shifted their perceptual weights toward the temporal gap dimension. Recall that after the initial exemplar training, the majority of the subjects placed the greatest weight on frequency transition.
To further verify the shift in attention to the temporal gap dimension, a paired sample t-test was performed on the GCM weights derived for the temporal gap dimension following the initial exemplar training and the weights derived following training to the temporal gap dimension. The mean GCM on the temporal gap dimension prior to training on this dimension was 0.07, whereas the mean GCM weight following training to this dimension was 0.83. The two-tailed paired sample t-test was significant at the 0.01 level (t ϭϪ17.57, d f ϭ14).
In this experiment, subjects were able to shift their attention to the temporal gap dimension following training on this dimension. Given their ability to shift their attention to the temporal gap dimension, in the next experiment the subjects were trained on the frequency transition dimension to determine if attention could easily be shifted to another dimension.
D. Experiment 4: Frequency transition training
Method
The goal of this experiment was to determine if the subjects could be retrained to attend to a new dimension ͑fre-quency transition͒. Ten subjects from the previous experiment returned to participate in this experiment. These subjects were trained in this experiment to label a new set of stimuli as ''circle,'' ''triangle,'' or ''square.'' In this experiment, stimuli 1, 4, 7, 13, and 16 were trained to be labeled as ''circle'' ͑50-Hz frequency transition͒, stimuli 2, 5, 8, 11, and 14 as ''triangle'' ͑250-Hz frequency transition͒, and stimuli 3, 6, 9, 12, 15, 21, 24, and 27 as ''square'' ͑500-Hz frequency transition͒. The ''circle,'' ''triangle, '' and ''square'' stimuli Stimuli 10, 17, 18 19, 20, 22, 23, 25, and 26 were reserved for use as testing stimuli to examine the generalization of training. Subjects were trained on these stimuli as in the preceding temporal gap-training experiment and subjects were again tested until performance of 80% accuracy in labeling the training stimuli was attained. Eight of the ten subjects were able to perform to criterion with only one training session of 144 trials. Two subjects required longer training and reached only levels of 73% and 77% after 4 training sessions consisting of a total of 576 trials. Nonetheless, these subjects did complete the final part of the experiment even with their reduced performance levels because they were close to the desired performance criterion and the number of subjects participating in the experiment had already been reduced considerably due to attrition.
Following training, the subjects were again presented all 27 stimuli 40 times each. The stimuli were presented in 10 blocks of 108 trials and the subjects were retested after 5 blocks to see if 80% identification accuracy of the training stimuli was maintained ͑73% and 77% for two subjects as noted͒. Identification accuracy of the training stimuli was maintained throughout the testing. Figure 8 shows examples of two subjects with the least and most weight on the frequency transition dimension. The graphs in this figure are plotted with the frequency transition value along the abscissa. That is, the first 9 stimuli have a frequency transition value of 50 Hz, the next 9 a frequency transition value of 250 Hz, and the final 9 a frequency transition value of 500 Hz. The data in the lower plot are from a subject with a GCM weight on the frequency transition dimension of 0.990. As can be seen from this graph, this subject categorized the stimuli with frequency transitions of 50, 250, and 500 Hz as ''circle,'' ''triangle,'' and ''square,'' respectively, the majority of the time. The upper plot shows a listener with a GCM weight of 0.437 on the frequency transition dimension. This listener did not learn to place all attention on the frequency transition dimension following training. The GCM weights for all subjects are plotted in Fig.  9 . As can be seen here, the highest weights are now placed on the frequency transition dimension.
Results and discussion
Again, to further verify the shift in attention to the frequency transition dimension, a paired sample t-test was performed on the GCM weights derived for the frequency transition dimension following the temporal gap training and the GCM weights derived following training to the frequency transition dimension. The mean GCM on the frequency transition dimension prior to training on this dimension was 0.09 whereas the mean GCM weight following training to this dimension was 0.87. The paired sample t-test was significant at the 0.01 level (tϭϪ12. 05, d f ϭ9) . 
III. GENERAL DISCUSSION
The purpose of the current investigation was to determine how listeners with normal hearing make use of cues from multiple, independent stimulus dimensions to classify stimuli containing acoustic cues found in speech. Results of these four experiments indicated that most subjects did not equally use stimulus information available in multiple dimensions to classify the synthesized stimuli. Rather, subjects allocated their attention to one or two particular stimulus dimensions and used this information to classify the stimuli. This was evident both from the MDS INDSCAL weights ͑experiment 1͒ and the weights derived from the GCM ͑ex-periment 2͒. In addition, it was demonstrated ͑experiments 3 and 4͒ that it was possible to train individuals to use a dimension other than the one initially used to classify the stimuli. The results of this experiment were in agreement with those of Kidd and Watson ͑1987͒ and Christensen and Humes ͑1996͒ for nonspeech complex sound-pulse stimuli.
The results of experiment 2 indicated that most subjects placed the majority of attention on the frequency transition dimension. This finding may be due to the sequential ͑serial͒ nature of the cues in this experiment. The order of occurrence of the dimensions in these stimuli was ͑1͒ fricative spectrum center frequency; ͑2͒ the duration of the temporal gap; and finally ͑3͒ the slope of the frequency transition. The preference for the transition cue could be due to it being the last dimension heard in the stimuli. This dimension would be the most recent in the listener's minds and would be the last to fade away or decay from storage. In a previous experiment ͑Christensen and Humes, 1996͒ dimensions were parallel in nature and a preference to one particular dimension was not seen. An experiment that puts transition in a different order would need to be done to determine if the serial nature of the stimuli accounts for the frequency transition dimension to be given the majority of attention.
The results of experiments 1 and 2 indicate that preferences for dimensions were not always maintained from the similarity judgments ͑experiment 1͒ to classification ͑experi-ment 2͒. This is evidenced by comparing Figs. 3 and 5. Experiment 1 using MDS analyses of similarity judgments indicated that the primary dimension attended to by most subjects was the center frequency dimension. However, three subjects primarily attended to temporal gap and four subjects primarily attended to frequency transition. The secondary dimension for most subjects was the frequency transition dimension. While the center frequency dimension was the primary dimension for most subjects, the highest weight assigned this dimension was 0.62. Experiment 2 using the GCM weights found that all subjects placed the majority of their perceptual weight on the frequency transition dimension. The secondary dimension for the majority of subjects was the center frequency dimension. Only three of the listeners attended secondarily to the temporal gap dimension. Although all subjects did attend primarily to frequency transition, individual listeners weighted this dimension differently. GCM weights ranged from approximately 0.54 to 0.98 on this dimension. Agreement between the primary and secondary dimensions for the GCM and MDS occurred for 9 of the 18 subjects. That is, the top two weighted dimensions by FIG. 8 . Results of the frequency transition training in experiment 4 for two subjects-MB ͑top͒ and JL ͑bottom͒. In this figure, the percentage of time each stimulus was labeled as a circle, triangle, or square is shown. Plotted along the abscissa are the stimuli arranged by values on the transition dimension. Thus the first 9 stimuli have a transition value of 50 Hz, followed by 9 with a transition value of 250 Hz, and finally 9 with a transition value of 500 Hz. The derived GCM weights are plotted beside each graph.
FIG. 9. GCM weights for each dimension are plotted for each subject following the frequency transition training in experiment 4. each model were the same for 9 of the 18 subjects. However, for only 4 of the 18 subjects did the dimension assigned the most weight agree for the two methods. The lack of agreement between the two methods is likely due to the nature of the tasks used to derive the two sets of weights. Specifically, MDS utilizes similarity judgments where there are no right or wrong answers, while the GCM weights were derived after subjects were trained on exemplar stimuli. A similarity judgment only requires a listener to rate similarity, while the other experiments that used the GCM required a listener to actually label or classify the stimuli into a group. Thus the decision process for the subject changes in the two tasks and probably accounts for the discrepancy.
In experiment 3, subjects were trained to attend to the gap dimension. As stated previously, subjects achieved 80% accuracy at different learning rates. Three subjects attained the 80% accuracy after one training session of 136 trials. A closer look at the GCM weights of these subjects following the original training indicated that two of these subjects were already attending to the gap dimension with GCM weights of 0.24 and 0.46, respectively. Only one other subject placed substantial weight ͑0.19͒ on the gap dimension following exemplar training, this subject was able to achieve 80% accuracy in only two training sessions of 136 trials. Thus it was easier for listeners that naturally attended to the gap dimension to learn to attend exclusively to that dimension.
One final consideration regarding the individual differences in training and classification is the relationship between the percent correct on the training sessions and the GCM weight given to the trained dimension following classification. It might be assumed that the harder it was to train a subject, the less attention they would give the trained dimension during classification. This assumption was not found to be true. For example, two subjects were not able to meet the 80% criterion in experiment 4, but did complete the classification portion of the experiment. These two subjects had GCM weights on frequency transition ͑the trained dimension͒ of 0.97 and 0.94. Four of the ten subjects had lower GCM weights of the frequency transition dimension and these four subjects were able to meet the criterion of 80% in the training sessions.
The purpose of this research was to examine the way in which listeners use multiple cues to classify stimuli. Listeners learn to process real speech efficiently after extensive training during infancy and early childhood. For the purposes of these experiments, novel stimuli containing acoustic cues found in speech were selected over actual speech to avoid the familiarity of the over learned speech signal. In a previously mentioned study ͑Christensen and Humes, 1996͒, we looked at the classification of complex sound pulses that differed along three independent dimensions. The use of the current stimuli containing speech cues represents an attempt to use stimuli more like speech without moving to the actual speech stimulus. This use of stimuli containing speech cues over real speech, however, limits the generalization of the results to real speech. It is not known if listeners will use multiple dimensions exactly the same way in real speech. Future research will focus on this question.
Although the current investigation does not utilize realspeech, the results may be applicable to listeners' use of multiple cues in making acoustic-phonetic distinctions in speech. In particular, the acoustic-phonetic patterns of speech contain multiple, redundant cues for making acoustic-phoentic distinctions. It may be that the multidimensional speech signal is processed in much the same way as the multidimensional stimuli used in these experiments. That is, listeners may pay particular attention to one available cue, even though more cues which signal an acousticphonetic distinction exist. The results of the current investigation that listeners differentially weight acoustic cues when making acoustic-phoentic distinctions are supported by the results of other research. As mentioned previously, research studying the development of perceptual abilities in children, the use of acoustic cues by listeners with hearing impairment, and the use of acoustic cues in nonspeech stimuli also support this finding.
As previously stated, it could be hypothesized that the use of cues contributes to the variability found among speech recognition scores of listeners with hearing impairment. For example, consider the differences in the use of cues by listeners with hearing impairment and listeners with normal hearing when identifying stop consonants found by Lindholm and colleagues ͑1988͒. Listeners with hearing impairment tended to use temporal cues while listeners with normal hearing tended to use spectral cues. Listeners with hearing impairment may be demonstrating the ability to learn to use information in the speech signal that was previously redundant and not used to make an identification. That is, listeners with hearing impairment may have used formant transitions for stop-consonant identification until this information became inaudible or distorted due to the development of a peripheral hearing loss. After the onset of the hearing loss, listeners with hearing impairment may have learned to shift their attention to cues that were more readily available to them, such as temporal cues and gross spectral shape cues. It is not known how this learning may take place or if all listeners have learned to shift their attention. This difference in learning may account for some of the variance in speech recognition not accounted for by the inaudibility of the speech signal. This hypothesis is supported in the literature previously discussed on trading relations ͑Repp, 1982͒.
Future research needs to examine how a peripheral hearing loss affects the use of acoustic cues by listeners. This could be accomplished by simulating a hearing loss, using filtering or spectrally shaped masking noise, in listeners with normal hearing to determine how the inaudibility of the signal affects the use of cues or dimensions in multidimensional stimuli and eventually in real speech. In addition, it would need to be determined if listeners could be trained to use temporal cues instead of spectral cues in order to facilitate classification. Answers to these questions may help to further determine the nature of the speech understanding problems experienced by listeners with hearing impairment. Moreover, rehabilitative strategies for listeners with hearing impairment with speech-recognition deficits could be a final product of future research.
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